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This  study  uses  fuel  cell  gas  diffusion  layers  (GDLs)  fabricated  in  the  laboratory  from  carbon  fiber  cloth 
with  different  concentrations  of  hydrophobic  agents  in  proton  exchange  membrane  fuel  cells  (PEMFCs), 
and  investigates  the  relationship  between  the  hydrophobic  agent  content  of  the  carbon  fiber  cloth  and 
fuel  cell  performance. 

The  paper  examines  the  effect  of  hydrophobic  agent  content  on  GDL  thickness,  contact  angle,  air  per¬ 
meability,  and  surface  and  through-plane  resistivity.  Carbon  fiber  cloth  is  impregnated  with  hydrophobic 
agent  concentrations  of  0,  3,  5, 10,  30,  and  50  wt%,  and  the  resulting  GDLs  are  subjected  to  performance 
tests.  When  the  test  piece  area  is  25  cm2,  the  test  temperature  80  °C,  the  gasket  thickness  0.36  mm,  and 
the  hydrophobic  agent  content  5  wt%,  a  fuel  cell  using  the  GDL  has  a  current  density  of  1430  mAcnrr2  at 
0.3  V. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Because  of  their  high  efficiency,  high  power  density,  low  oper¬ 
ating  temperature,  and  low  noise,  proton  exchange  membrane  fuel 
cells  (PEMFCs)  are  thought  to  be  superior  to  other  fuel  cell  sys¬ 
tems  in  vehicle  applications  [1-4].  Although  gas  diffusion  layers 
(GDLs)  comprise  only  one  part  of  a  fuel  cell,  differences  in  the 
concentration  of  hydrophobic  agent  in  the  GDL  can  affect  the  per¬ 
formance  of  the  fuel  cell  as  a  whole.  Carbon  fiber  fabric  or  carbon 
fiber  papers  are  currently  the  most  common  materials  used  to 
make  GDLs.  Because  carbon  possesses  the  advantages  of  high  con¬ 
ductivity  and  corrosion  resistance,  it  is  very  well  suited  to  the 
special  environment  inside  a  fuel  cell.  GDLs  are  usually  produced 
by  subjecting  oxidized  carbon  fiber  felt  or  oxidized  carbon  fiber 
cloth  to  high-temperature  carbonization  in  a  carbonizing  furnace. 
This  alters  the  structure  of  the  material  and  increases  conductiv¬ 
ity,  yielding  processed  carbon  fiber  paper  or  carbon  fiber  cloth  [5]. 
Research  on  carbon  fiber  has  shown  that  graphitization  tempera¬ 
ture  has  a  significant  effect  on  the  microstructure  and  properties  of 
the  material,  and  conductivity  increases  with  graphitization  tem¬ 
perature  [6].  We  choose  a  carbonization  temperature  of  1400  °C  in 
this  paper. 

A  GDL  composed  of  gas  diffusion  backing  (GDB,  carbon  fiber 
paper  or  carbon  cloth)  and  a  micro-porous  layer  (MPL)  not 
only  serves  as  a  pathway  for  the  diffusion  of  fuel  to  the  elec¬ 
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trode,  but  also  as  a  conduit  for  the  removal  of  byproduct  water 
from  the  electrode.  A  GDL  is  typically  treated  by  partial  coating 
with  a  hydrophobic  polymer  to  prevent  flooding  of  the  electrode 
by  water.  The  hydrophobic  agent  used  is  usually  polytetrafluo- 
roethylene  (PTFE)  or  fluorinated  ethylene  propylene  (FEP)  [7-9]. 
Various  types  of  carbon  powder  (such  as  Volcan  XC-72  or  Shaw- 
inigan  Acetylene  Black  (SAB))  and  graphite  (such  as  MogulL  or 
Asbury  850)  were  added  during  MPL  fabrication  in  prior  studies 
[10-14];  although  it  was  found  that  graphite  yields  good  con¬ 
ductivity,  the  aggregation  of  graphite  leads  to  the  presence  of 
irregularly  distributed  large  voids,  which  are  detrimental  to  the 
passage  of  gas  and  water.  Some  early  studies  [15-17]  considered 
the  effects  of  GDL  electrical  resistance,  and  showed  that,  under 
certain  conditions,  the  resistance  of  a  GDL  is  sufficient  to  alter 
the  current  density  distribution  of  the  gas  channels  and  bulk 
areas.  No  carbon  was  added  during  MPL  fabrication  in  this  study, 
but  attention  was  paid  to  the  hydrophobic  agent  concentration 
and  its  relationship  with  fuel  cell  performance.  The  concentra¬ 
tion  of  the  hydrophobic  agent,  FEP,  ranged  from  0  to  50wt%. 
The  goal  of  this  study  was  to  determine  the  effect  of  various 
hydrophobic  agent  concentrations  on  the  performance  of  a  PEMFC 
system. 

This  study  focused  on  GDL  fabrication  technology,  and  sought 
to  boost  fuel  cell  performance  through  improved  GDLs.  We 
examine  the  relationship  between  fuel  cell  performance  and  the 
hydrophobic  agent  content  of  the  GDL’s  carbon  fiber  cloth,  and 
investigate  the  effect  of  hydrophobic  agent  content  on  thickness, 
contact  angle,  air  permeability,  and  surface  and  through-plane 
resistivity. 
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Fig.  1.  Relationship  between  thickness  and  contact  angle  of  carbon  fiber  cloth  pieces 
impregnated  with  different  FEP  concentrations:  (□)  thickness  and  (•)  contact  angle. 


2.  Experiment 

A  GDL  consists  of  a  GDB  and  a  micro-porous  layer  MPL.  The  GDB 
is  usually  made  from  carbon  fiber  paper  or  carbon  fiber  cloth.  The 
GDBs  used  in  this  study  were  fabricated  from  carbon  fiber  in  accor¬ 
dance  with  Taiwan  patent  1296449.  Two  pieces  of  carbon  fiber  cloth 
5  cm  x  5  cm  in  size  were  used  as  the  anode  and  cathode  of  each  fuel 
cell  during  GDL  testing.  The  temperature  of  the  carbonization  fur¬ 
nace  was  set  at  1400  °C.  We  employed  0%,  3%,  5%,  10%,  30%,  and  50% 
FEP  solutions  (as  an  example,  the  10%  FEP  solution  was  prepared 
by  diluting  10  mL  Dupont  FEP  121 A  solution  in  90  mL  deionized 
water  and  stirring  for  5  min  at  room  temperature)  to  obtain  the  dif¬ 
ferent  hydrophobic  agent  concentrations.  The  impregnated  GDBs 
were  baked  dry  at  70  °C  for  15  min,  baked  at  240  °C  for  30  min,  and 
sintered  at  350  °C  for  30  min. 

The  thickness,  contact  angle,  air  permeability,  and  surface  and 
through-plane  resistivity  of  each  piece  were  measured.  A  Teclock 
SM-114  thickness  tester  was  used  to  measure  the  thickness  of  the 
carbon  cloth,  and  thickness  was  determined  from  the  average  of 
measurements  taken  at  five  random  points.  A  Gurley  Model  4320 
meter  was  used  to  measure  air  permeability  and  testing  and  anal¬ 
ysis  of  air  permeability  was  performed  in  accordance  with  Model 
4110  regulations.  A  Loresta  GP  MCP-T600  meter  was  used  to  mea¬ 
sure  surface  resistivity  and  testing  and  analysis  of  surface  resistivity 
was  performed  in  accordance  with  JIS  K  7194  regulations.  Through- 


Fig.  2.  Changes  in  the  loading  of  carbon  fiber  cloth  pieces  impregnated  with  different 
FEP  concentrations. 


Fig.  3.  GDL  air  permeability  and  total  FEP  loading  for  GDLs  produced  using  different 
FEP  concentrations:  (□)  total  FEP  loading  and  (•)  air  permeability. 


plane  resistivity  was  measured  via  the  two-point  method,  using 
copper  plates  10  mm  apart.  Measurements  were  made  at  a  min¬ 
imum  of  five  points  on  each  GDL  at  different  pressures.  Surface 
hydrophobicity  was  determined  by  measurement  of  contact  angle. 
The  measurements  were  carried  out  with  a  contact  angle  meter 
(FTA  125,  First  Ten  Angstroms)  at  room  temperature.  A  cold  field 
emission  scanning  electron  microscope  was  used  to  analyze  the 
surfaces  and  cross-sections  of  the  GDLs. 

Preparing  the  carbon  cloth  for  use  as  fuel  cell  GDLs  entailed 
cutting  the  cloth  into  5  cm  x  5  cm  pieces  and  then  forming  three- 
layer  membrane  electrode  assemblies  (MEAs)  with  catalyst-coated 
membrane  (CCM)  from  Dupont™  (type  NRE-211).  This  study 
focused  exclusively  on  the  effect  of  hydrophobic  agent  concentra¬ 
tion  on  the  GDL,  and  we  applied  a  hydrophobic  layer  on  carbon 
cloth.  We  did  not  bond  the  CCM  and  carbon  cloth  together  by 
hot-pressing,  but  only  used  40kgfcm-1  torsion  to  ensure  close 
contact  between  the  layers.  The  MEA  was  placed  in  a  fuel  cell  test¬ 
ing  module.  The  activated  area  was  25  cm2,  and  the  bipolar  plates 
were  gate-type  grooved  graphite  plates  made  of  highly  compacted 
graphite.  Gas  flow  at  the  anode  (H2)  was  500  cm3  min-1,  and  gas 
flow  at  the  cathode  (02)  was  also  500  cm  min-1  (both  gases  had 
a  relative  humidity  of  95%);  the  temperatures  of  the  anode  and 
cathode  were  40  and  80  °C  respectively.  All  single  cell  operations 
were  performed  without  external  pressurization,  and  used  humid¬ 
ified  pure  hydrogen  and  pure  oxygen.  The  gas  inlet  pressure  was 


Fig.  4.  Changes  in  through-plane  resistivity  at  different  pressures  of  GDLs  produced 
using  different  FEP  concentrations. 
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Fig.  5.  Surface  resistivity  and  through-plane  resistivity  curves  for  GDLs  produced 
using  different  FEP  concentrations:  (n)  surface  resistivity  and  (•)  through-plane 
resistivity. 


1  kg  cm-2,  and  cell  temperature  during  testing  was  set  at  40  and 
80  °C.  The  gasket  thickness  was  0.36  mm. 

3.  Results  and  discussion 

Fig.  1  shows  the  relationship  between  thickness  and  contact 
angle  for  carbon  fiber  cloth  pieces  impregnated  with  different  FEP 
concentrations.  In  this  figure,  the  □  curve  is  the  thickness  curve  for 
GDL  impregnated  with  different  concentrations  of  FEP,  and  the  • 
curve  is  the  contact  angle  curve  for  GDLs  impregnated  with  differ¬ 
ent  concentrations  of  FEP.  It  can  be  seen  from  this  chart  that  the 
thickness  raises  as  the  FEP  concentration  of  the  solution  increases. 
When  the  FEP  content  was  0%,  the  GDLs  had  a  thickness  of  0.49  mm. 
When  FEP  was  increased  to  10%,  the  thickness  of  the  GDL  rose  by 
26.5%  to  0.62  mm.  When  FEP  was  increased  to  50%,  the  thickness 
of  the  GDL  rose  to  0.63  mm.  This  indicates  that  the  thickness  of  the 
carbon  fiber  cloth  does  not  increase  significantly  when  FEP  con¬ 
centration  is  greater  than  10%.  It  also  suggests  that,  when  the  FEP 
concentration  is  relatively  low,  most  of  the  FEP  is  deposited  on  the 
surface  of  the  carbon  fiber  cloth.  With  regard  to  contact  angle,  in  the 
case  of  carbon  fiber  cloth  with  no  FEP,  the  GDL  had  a  contact  angle 
of  118°,  which  indicates  that  the  GDL  is  already  quite  hydrophobic. 
When  the  FEP  concentration  was  increased  to  10%,  the  contact  angle 
of  the  GDL  increased  to  135°.  The  contact  angle  was  >160°  when  the 
FEP  concentration  was  30%  or  above.  The  fact  that  the  contact  angle 


Fig.  6.  Relationship  between  OCP  and  FEP  concentration  and  surface  resistivity  at 
temperatures  of  40  and  80  °C  when  a  0.36-mm  gasket  was  used:  (□)  40  °C,  (A)  80  °C, 
(•)  surface  resistivity. 


increases  with  FEP  concentration  indicates  that  the  hydrophobicity 
of  carbon  fiber  cloth  increases  as  its  FEP  content  rises.  It  is  evident 
that  contact  angle  has  a  very  significant  correlation  with  concen¬ 
tration,  and  has  an  especially  strong  connection  with  FEP  deposited 
on  the  surface  of  the  GDB. 

Fig.  2  shows  changes  in  the  loading  of  carbon  fiber  cloth  impreg¬ 
nated  with  different  FEP  concentrations.  The  experimental  data 
reveals  that  each  1%  increase  in  FEP  causes  the  weight  to  increase 
by  roughly  0.4  mg  cm-2.  Total  FEP  loading  increased  with  FEP  con¬ 
centration.  The  total  loading  of  sample  GDL  was  1.3  mg  cm-2  when 
the  FEP  concentration  was  3%,  2.4  mg  cm-2  when  the  concentration 
was  10%,  and  20.3  mg  cm-2  when  the  concentration  was  50%.  Since, 
as  shown  in  Fig.  1,  the  thickness  and  contact  angle  do  not  increase 
significantly  after  FEP  reaches  30%,  we  can  infer  that  while  high  FEP 
concentrations  will  result  in  the  carbon  fiber  cloth  with  a  greater 
FEP  loading,  most  of  the  FEP  will  subsequently  be  deposited  inside 
the  cloth. 

Fig.  3  shows  the  GDL  air  permeability  and  total  FEP  loading 
curves  for  GDLs  produced  using  different  FEP  concentrations.  In 
this  figure,  the  □  curve  is  the  total  FEP  loading  curve  for  GDLs  pro¬ 
duced  using  different  FEP  concentrations,  and  the  •  curve  is  the  air 
permeability  curve  for  GDLs  produced  using  different  FEP  concen¬ 
trations.  It  can  be  seen  from  this  figure  that  the  total  FEP  loading 
of  the  GDL  raises  steadily  as  the  FEP  concentration  increases.  In 
addition,  air  permeability  also  exhibits  a  clear  rising  trend  as  the 
FEP  concentration  increases.  The  air  permeability  of  a  GDL  pro- 


Fig.  7.  Fuel  cell  polarization  curves  for  GDLs  prepared  using  carbon  fiber  cloth 
impregnated  with  different  FEP  concentrations:  (a)  40  °C  and  (b)  80  °C. 
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Fig.  8.  SEM  micrographs  of  the  surface  of  carbon  fiber  cloth  containing  different  FEP  concentrations:  (a)  0%,  (b)  3%,  (c)  5%,  (d)  10%,  (e)  30%,  and  (f)  50%. 


duced  using  0%  FEP  was  35  cm3  cm-2  s-1,  while  that  of  a  GDL 
produced  using  50%  FEP  was  116  cm3  cm-2  s-1 .  This  is  an  increase  of 
approximately  231%. 

Fig.  4  shows  the  through-plane  resistivity  at  different  pressures 
of  GDLs  produced  using  different  FEP  concentrations.  Through- 
plane  resistivity  was  measured  when  the  test  pieces  were  subjected 
to  pressures  of  0,  5,  10,  15,  20,  30,  40,  50,  and  60  lbs  (0,  2,  4.5,  7, 
9,  14,  18,  23  and  27  kg  cm-2).  It  can  be  seen  that  through-plane 
resistivity  decreased  as  the  pressure  increased.  The  through-plane 
resistivity  of  GDLs  with  0%  FEP  was  550  m^  when  there  was 
no  applied  pressure.  The  through-plane  resistivity  increased  with 
FEP  concentration,  rising  to  4700  m^  when  FEP  concentration 
was  10%  and  11,000  m£2  when  FEP  concentration  was  50%.  This 
trend  occurs  because  FEP  is  non-conducting,  and  increasing  the 
FEP  concentration  in  a  GDL  will  therefore  decrease  conductivity 
and  increase  through-plane  resistivity.  Through-plane  resistivity 
decreases,  however,  when  pressure  is  increased.  Taking  a  GDL 


with  0%  FEP  as  an  example,  compared  with  a  pressure  of  Olbs, 
through-plane  resistivity  fell  47%  to  290  m£2  at  a  pressure  of  15  lbs 
(7  kg  cm-2),  and  fell  even  further  to  150  m^  at  a  pressure  of 
30  lbs  (14  kg  cm-2),  which  was  a  decrease  of  72%  compared  with 
no  applied  pressure.  It  can  be  seen  that  through-plane  resistivity 
falls  steadily  as  the  pressure  increases.  This  is  because  increas¬ 
ing  the  pressure  causes  the  fibers  of  carbon  fiber  cloth  to  bind 
together  more  tightly,  which  provides  more  pathways  for  electron 
transmission,  and  thereby  increases  conductivity  and  reduces  resis¬ 
tivity.  It  can  also  be  seen  from  this  figure  that,  after  the  pressure 
reaches  a  limit,  a  further  increase  in  pressure  will  not  continue  to 
improve  conductivity.  This  is  because  the  compression  of  the  GDL 
has  reached  a  maximum;  since  the  material  will  not  continue  to 
compress,  there  will  no  longer  be  new  pathways  or  contact  between 
fibers  to  increase  the  conductivity.  As  a  result,  the  through-plane 
resistivity  will  not  continue  to  fall  after  the  pressure  reaches  a  lim¬ 
iting  value,  but  will  instead  remain  roughly  constant. 
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Fig.  9.  SEM  micrographs  of  the  cross-section  of  carbon  fiber  cloth  containing  different  FEP  concentrations:  (a)  0%,  (b)  10%,  (c)  30%,  and  (d)  50%. 


Fig.  5  shows  the  surface  resistivity  and  through-plane  resistiv¬ 
ity  curves  for  GDLs  produced  using  different  FEP  concentrations. 
In  this  figure,  the  □  curve  is  the  surface  resistivity  curve  for  GDLs 
produced  using  different  FEP  concentrations,  and  the  •  curve  is  the 
through-plane  resistivity  curve  for  GDLs  produced  using  different 
FEP  concentrations.  Flere  the  through-plane  resistivity  is  measured 
with  no  applied  pressure.  Surface  resistivity  and  through-plane 
resistivity  are  the  two  main  ways  of  measuring  the  conductivity 
of  a  GDL.  The  surface  resistivity  measures  conduction  along  the 
surface  of  the  GDL,  and  through-plane  resistivity  measures  con¬ 
duction  perpendicular  to  the  surface.  This  figure  reveals  that  both 
surface  resistivity  and  through-plane  resistivity  rise,  and  conductiv¬ 
ity  falls,  with  increasing  FEP  concentration.  The  surface  resistivity 
increases  by  65%  from  0.32  £2  sq-1  for  0%  FEP  to  0.53  £2  sq-1  for  5% 
FEP,  and  increases  further  to  0.89  £2  sq-1  for  50%  FEP.  This  trend 
occurs  because  FEP  is  non-conducting,  and  increasing  the  FEP  con¬ 
centration  in  a  GDL  will  cause  surface  deposition  to  increase  and 
surface  conductivity  to  decrease.  When  there  is  no  applied  pressure, 
through-plane  resistivity  will  increase,  and  conductivity  decrease, 
with  FEP  concentration.  This  is  because,  apart  from  surface  depo¬ 
sition,  FEP  is  also  deposited  throughout  the  cloth,  where  it  causes 
through-plane  resistivity  to  increase. 

Fig.  6  shows  the  relationship  between  open  circuit  potential 
(OCP),  FEP  concentration,  and  surface  resistivity  at  temperatures 
of  40  and  80  °C  when  a  0.36-mm  gasket  was  used.  In  this  figure, 
the  □  curve  is  the  OCP  curve  for  GDLs  at  40  °C,  A  is  the  OCP  curve 
for  GDLs  at  80  °C,  and  •  is  the  GDL  surface  resistivity  curve.  It  can 
be  seen  from  Fig.  6  that,  when  the  temperature  was  40  °C,  the  OCP 
of  GDLs  prepared  with  0%  FEP  concentration  was  0.94  V,  the  OCP  of 
GDLs  prepared  with  5%  FEP  concentration  was  0.86  V,  and  the  OCP  of 
GDLs  prepared  with  50%  FEP  concentration  was  0.79  V.  It  can  be  dis¬ 


covered  that  the  greater  the  surface  resistivity  of  the  GDL,  the  lower 
the  OCP,  and  the  worse  the  fuel  cell  performance.  It  is  also  clear 
from  Fig.  5  that  when  surface  resistivity  and  through-plane  resis¬ 
tivity  are  mutually  dependent,  the  greater  the  FEP  concentration, 
the  worse  the  OCP.  The  GDL-related  factor  in  this  study  influencing 
fuel  cell  OCP  was  the  resistance  of  the  GDL.  Because  increasingly 
FEP  concentration  causes  a  GDL’s  surface  and  through-plane  resis¬ 
tivity  to  increase,  this  also  causes  the  overall  cell  internal  resistance 
to  increase,  which  will  result  in  a  lower  OCP.  As  a  consequence, 
increasing  FEP  concentration  will  result  in  a  decreasing  OCP. 

When  GDLs  prepared  using  carbon  fiber  cloth  impregnated  with 
different  FEP  concentration  were  used  to  assemble  single-cell  bat¬ 
teries  with  0.36  mm  gaskets,  the  polarization  curves  at  40  °C  were 
as  shown  in  Fig.  7(a).  It  can  be  seen  that  GDLs  prepared  using  a 
0%  FEP  concentration  and  GDLs  prepared  using  30%  FEP  yielded 
roughly  equally  good  cell  performance;  when  the  loading  was 
0.3  V,  the  current  densities  of  these  cells  were  in  the  range  of 
1200-1300  mA cm-2.  When  GDLs  prepared  using  a  50%  FEP  con¬ 
centration  were  tested  with  a  loading  of  0.3  V,  the  current  density 
was  1000  mA  cm-2.  The  polarization  curves  at  80  °C  are  as  shown  in 
Fig.  7(b).  Flere  GDLs  prepared  using  a  30%  FEP  concentration  yielded 
relatively  optimal  cell  performance,  and  had  a  current  density  of 
approximately  1400  mA  cm-2  when  the  loading  was  0.3  V.  In  the 
case  of  GDLs  with  50%  FEP,  the  current  density  was  approximately 
1100  mA  cm-2  when  the  loading  was  0.3  V.  GDLs  with  0%  FEP  had 
a  current  density  of  roughly  800  mA  cm-2  when  the  loading  was 
0.3  V.  Because  an  operating  temperature  of  40  °C  is  relatively  low, 
water  management  is  easy,  and  there  is  little  tendency  for  water 
accumulation  to  degrade  cell  performance.  Current  density  at  a 
loading  of  0.3  V  consequently  does  not  vary  significantly  for  FEP 
concentrations  in  the  range  of  0-30%.  In  the  case  of  GDLs  with  50% 
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FEP,  however,  the  high  resistivity  indicates  poor  conduction,  which 
resulted  in  the  worst  cell  performance.  When  the  reaction  temper¬ 
ature  was  80  °C,  the  relatively  high  operating  temperature  led  to 
more  significant  flooding  problems,  which  allowed  the  hydropho¬ 
bic  FEP  to  play  a  more  important  role.  It  can  be  seen  that  a  GDL 
prepared  using  a  5%  FEP  concentration  yields  excellent  cell  perfor¬ 
mance  at  this  temperature.  While  cell  performance  declined  for 
higher  FEP  concentrations,  as  in  the  case  of  GDLs  with  50%  FEP,  due 
to  the  high  resistance  of  the  GDL,  cell  performance  was  also  poor 
for  0%  FEP  GDLs  due  to  flooding  problems. 

Use  of  a  SEM  microscope  to  examine  the  GDLs  revealed  that 
the  method  used  in  this  study  induced  the  FEP  to  effectively  enter 
the  carbon  raw  material,  where  it  adhered  on  and  between  the 
fibers  after  sintering.  Carbon  fiber  cloth  without  any  added  FEP  is 
as  shown  in  Fig.  8(a)  and  Fig.  9(a).  The  carbon  fiber  cloth  begins 
to  display  some  FEP  deposition  when  the  FEP  concentration  rises 
to  3%,  as  shown  in  Fig.  8(b).  In  Fig.  8(d)  and  Fig.  9(b),  relatively 
evident  FEP  deposition  can  be  seen  when  the  FEP  concentration  is 
10%.  Apart  from  evident  surface  FEP  deposition,  internal  FEP  depo¬ 
sition  also  occurs  when  the  FEP  is  increased  to  30%  and  50%,  as 
shown  respectively  in  Fig.  8(e)  and  (f)  and  Fig.  9(c)  and  (d).  While 
the  FEP  is  first  deposited  on  the  surface  when  FEP  concentration  is 
low,  internal  deposition  also  occurs  when  the  concentration  is  high. 
As  the  FEP  concentration  increases,  the  resistance  of  the  GDL  will 
also  increase,  which  leads  to  poor  performance.  On  the  other  hand, 
when  a  GDL  has  received  no  hydrophobic  treatment,  flooding  and 
poor  performance  tend  to  occur  at  high  operating  temperatures. 

4.  Conclusions 

Carbon  fiber  cloth  pieces  were  soaked  in  solutions  variously  con¬ 
taining  0%,  3%,  5%,  10%,  30%,  and  50%  FEP  to  prepare  gas  diffusion 
layers  for  use  as  fuel  cell  electrodes.  The  GDL  thickness  was  0.49  mm 
when  the  FEP  concentration  was  0%,  0.62  mm  when  the  concentra¬ 
tion  was  10%,  and  0.63  mm  when  the  concentration  was  50%.  GDL 
thickness  thus  increases  with  FEP  concentration.  Air  permeability 
also  increases  with  FEP  concentration.  The  air  permeability  of  GDLs 
with  0%  FEP  was  35  cm3  cm-2  s-1 ,  while  that  of  GDLs  with  50%  FEP 


was  116  cm3  cm-2  s-1.  Surface  resistivity  and  through-plane  resis¬ 
tivity  likewise  increased  with  FEP  concentration:  when  there  was 
no  applied  pressure,  GDLs  with  0%  FEP  had  through-plane  resis¬ 
tivity  of  550  m£2  and  surface  resistivity  of  0.32  £2  sq-1,  while  GDLs 
with  50%  FEP  had  through-plane  resistivity  of  11,000  m^  and  sur¬ 
face  resistivity  of  0.89  £2  sq-1.  As  far  as  fuel  cell  performance  was 
concerned,  when  a  0.36  mm  gasket  was  used,  a  GDL  produced  using 
a  5%  FEP  concentration  yielded  excellent  performance  at  an  operat¬ 
ing  temperature  of  80  °C:  current  density  was  1400  mA cm-2  with 
a  loading  of  0.3  V. 
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